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Lineage analysise is controlled by both positive and negative mechanisms that maintain the
appropriate number of germ cells and that prevent the possible formation of germ cell tumors. In the mouse
embryo, Steel/c-Kit signaling is required to prevent migrating primordial germ cells (PGCs) from undergoing
Bax-dependent apoptosis. In our current study, we show that migrating PGCs also undergo apoptosis in
Nanos3-null embryos. We assessed whether the Bax-dependent apoptotic pathway is responsible for this cell
death by knocking out the Bax gene together with the Nanos3 gene. Differing from Steel-null embryos,
however, the Bax elimination did not completely rescue PGC apoptosis in Nanos3-null embryos, and only a
portion of the PGCs survived in the double knockout embryo. We further established a mouse line, Nanos3-
Cre-pA, to undertake lineage analysis and our results indicate that most of the Nanos3-null PGCs die rather
than differentiate into somatic cells, irrespective of the presence or absence of Bax. In addition, a small
number of surviving PGCs in Nanos3/Bax-null mice are maintained and differentiate as male and female
germ cells in the adult gonads. Our ﬁndings thus suggest that heterogeneity exists in the PGC populations
and that Nanos3 maintains the germ cell lineage by suppressing both Bax-dependent and Bax-independent
apoptotic pathways.
© 2008 Elsevier Inc. All rights reserved.Introduction
In many animal species such as Drosophila, Caenorhabditis and Xe-
nopus, the maternal factors required for germ cell formation are
localized in a histologically distinguishable region of the egg cyto-
plasm, or germ plasm (Beams and Kessel, 1974; Eddy,1975). Nanos has
been identiﬁed as one of the components of the germ plasm in Dro-
sophila (Lehmann and Nusslein-Volhard, 1991; Wang and Lehmann,
1991). TheNanos genes are also evolutionarily conserved amongmany
organisms and play important roles during germ cell development
(Koprunner et al., 2001; Kurokawa et al., 2006; Mochizuki et al., 2000;
Mosquera et al., 1993; Pilon and Weisblat, 1997; Subramaniam and
Seydoux, 1999; Tsuda et al., 2003). In the mouse, the primordial germ
cells (PGCs) are induced in a population of pluripotent epiblast cells by
factors such as BMP4, which are derived from the extraembryonic
ectoderm (Tremblay et al., 2001; Ying et al., 2000). After induction, PGC
precursors translocate to the base of the allantois by E7.25. Oncelopment, National Institute of
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l rights reserved.formed, the PGCs migrate to the endoderm (E7.5), travel through the
hindgut (from E8.0), dorsal mesentery and dorsal body wall, and reach
the genital ridge at around E10.5 to E11.5. PGCs proliferate during their
migration phase and continue to divide several times after their
settlement in the genital ridge. Following the sex differentiation of the
somatic gonads, the PGCs themselves differentiate into male or female
germ cells (McLaren, 2003). Nanos3, one of the mouse Nanos genes, is
expressed in the PGCs after their formation until shortly after their
settlement in the gonads (E14.5 inmale, E13.5 in female embryos), and
is then re-expressed after birth in the testes (Tsuda et al., 2003). In our
previous study, we reported that Nanos3 knockoutmice are sterile and
display atrophic testes and ovaries in which no germ cells are
detectable. This phenotype was found to be caused by the loss of
migrating PGCs during embryogenesis. Although a few PGCs do reach
the gonads in these knockouts, these cells were soon lost. These data
suggest that Nanos3 plays an important role in the maintenance and
survival of PGCs. The most probable reason for the PGC loss in the
Nanos3 knockouts is apoptosis since the elimination of abnormal cells
in this way is a commonmechanism during development. During PGC
migration, a signiﬁcant proportion of the cells stray from their normal
migratory route and are eventually found in the hindgut, midline and
in organs surrounding the gonad. Most of these ectopic cells have been
shown to be eliminated by apoptosis (Runyan et al., 2006; Stallock et
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localize in the gonad also die. Gonadal male germ cells undergo awave
of apoptosis betweenE13.5 and E17.0, followed bya secondwave of cell
death at around the time of birth (Wang et al., 1998). Female gonadal
germ cells also die at around E13.5, between E15.5 and birth, and after
birth (Bakken and McClanahan, 1978; Beaumont and Mandl, 1963;
Borum, 1961). However in our previous study, we could not detect
apoptosis in Nanos3-null PGCs via a TUNEL assay. In our current study,
however, we have successfully detected apoptosis inmigrating PGCs in
Nanos3−/− embryos via the positive immunostaining of activated
Caspase3. Some of the cell death pathways in the mouse germ line
are regulated by Bcl2 family members. Mice homozygous for
mutations in the pro-apoptotic family member Bax, one of the Bcl2
family, exhibit hyperplasia of their spermatogonia and spermatocyte in
the layers of the seminiferous tubules, and their germ cells fail to
differentiate into mature sperm (Knudson et al., 1995). Female Bax−/−
mice possess a three-fold higher number of primordial follicles
comparedwith theirwild-type counterparts, and these follicles develop
normally (Perez et al.,1999). To enable the survival of gonadal germcells,
the activity of Bax appears to be balanced by the antagonistic activity of
Bcl2l (Kasai et al., 2003; Rucker et al., 2000). During their migration, the
number of ectopic PGCs signiﬁcantly increases in Bax−/− embryos
(Stallock et al., 2003), indicating that Bax is one of key factors regulating
the apoptotic pathways that remove ectopically located germ cells.
Furthermore, it has been shown that Steel/c-Kit signaling controls cell
death by suppressing the Bax-dependent pathway, since the apoptotic
loss of migrating PGCs is completely repressed by a Bax elimination
(Runyan et al., 2006). This prompted us to examine the fate of Nanos3-
null PGCs when apoptosis is suppressed by crossing the corresponding
micewith a Bax-knockoutmouse.We speculated that these PGCsmight
differentiate into somatic cells as it has been reported in previous
studies of Drosophila germ cells that such PGCs can differentiate into
somatic cells, including gut component cells, if the apoptotic response is
genetically suppressed (Hayashi et al., 2004). In addition, we performed
lineage analysis by generating a Nanos3-Cre-pAmouse line inwhichwe
can monitor the germ cell lineage. Our current genetic analyses suggest
that themajor reason for the PGC loss inNanos3−/−mice is cell death, and
that the activation of Bax-dependent apoptosis is partly involved.
Materials and methods
Generation of knock-in mice
The methods used to generate the Nanos3+/− mice and their subsequent characte-
rization have been previously described (Tsuda et al., 2003). A similar targeting strategy
was employed to generateNanos3+/cremice. Brieﬂy, the targeting vector was constructed
using two homologous fragments of 5.8 kb (SspI–NcoI) and 1.5 kb (BamHI–NdeI) from a
BAC clone derived from amouse C57BL/6J female BAC library (Invitrogen). The targeting
strategy is outlined in Fig. 5. The linearized vector (25 μg) was then electroporated into
TT2 ES cells (Yagi et al., 1993). G418-resistant cell clones were then subjected to
recombinant selection by PCR and correct recombination was conﬁrmed by Southern
blot analysis. The recombinant cells were next aggregated with ICR 8-cell embryos, and
the formed blastocysts were transferred to pseudopregnant female recipients. The ob-
tained chimeric mice were bred with MCH (closed colony derived from an ICR strain,
CREA, Japan) females. Germline transmission of the targeted allele was conﬁrmed by
PCR. The neomycin cassette in the Nanos3+/cre mouse was removed by breeding with a
CAG-FLP transgenic mouse (Dymecki, 1996). However, we used Nanos3+/cre mice contain-
ing a neo cassette for our current experiments becausewe found that this line exhibited a
muchmore restricted expression in the germ cell lineage. Thesemicewere allmaintained
in anMCH background. Although the Nanos3+/−mouse previously generated (Tsuda et al.,
2003) contains a knocked-in LacZ gene, it shows no β-gal activity during embryogenesis,
possibly due to nonsense-mediated mRNA decay (Lejeune and Maquat, 2005).
Other mice used in this study
The homozygous ROSA26 reporter mice (Soriano, 1999) were maintained by
interbreeding and were crossed with the Nanos3+/− mice. The resulting offspring were
then bred with Nanos3+/cre mice to obtain Nanos3−/cre embryos for lineage analysis.
The Baxtm1Sjk mutant mouse was purchased from the Jackson Laboratory (stock
number: 002994) (Knudson et al., 1995) and was crossed with Nanos3+/− to obtain
Nanos3+/− Bax+/− mice. These animals were interbred to yield Nanos3−/− Bax−/− embryos
and mice. The ROSA26 reporter mice were crossed twice with Nanos3+/− Bax+/− mice toobtain Nanos3+/− Bax+/− with a homozygous ROSA26 reporter allele. These female mice
were then crossed with Nanos3+/cre Bax+/− mice to yield Nanos3+/cre Bax−/− with ROSA 26
reporter embryos for lineage analysis.
Genotyping
Genomic DNA was isolated from either the tails (postnatal mice) or yolk sac
(embryos), and genotypes were determined by PCR. The primers used were as follows:
3′lacZ-2F (5′-ACTATCCCGACCGCCTTACT-3′) and mNos3-GSP2 (5′-GGGACTGATAGATGG-
CAC-3′) for the Nanos3+/− targeted allele, mNos3-F4 (5′-CCAGCCATGGGGACTTTC-3′)
and mNos3-GSP2 for the Nanos3+/− wild-type allele, Bax-Ex5 (5′-GAGCTGATCAGAAC-
CATCATG-3′) and Bax-IN5 (5′-GTTGACCAGAGTGGCGTAGG-3′) for the Bax+/− targeted
allele, Neo-R (5′-CCGCTTCCATTGCTCAGCGG-3′) and Bax IN5 for the Bax+/− wild-type
allele, Rosa#2 (5′-GCGAAGAGTTTGTCCTCAACC-3′) and Rosa#4 (5′-AAAGTCGCTCTGAG-
TTGTTAT-3′) for the Rosa26 reporter targeted allele, and Rosa#2 and Rosa#3 (5′-GGAG-
CGGGAGAAATGGATATG-3′) for the Rosa26 reporter wild-type allele.
Immunostaining
Embryos, testes and embryonic gonads were ﬁxed in 4% PFA, and embedded in OCT
compound (Tissue Tek) or parafﬁn, or ﬁxed in Bouin's solution and embedded in
parafﬁn. For immunohistochemical detection, parafﬁn sections (6 μm) were incubated
in 3% hydrogen peroxide/methanol for 3 min after deparafﬁnization and hydration,
washed three times in PBS, and then incubated overnight at 4 °C with primary anti-
bodies. This was followed by subsequent detection using the Vectastain ABC kit (Vector
Laboratories). The sections were then counterstained with hematoxylin and mounted
with Mount-quick (Daido Sangyo).
For immunoﬂuorescence analysis, the frozen sections (8 μm) were washed in PBS
three times, and incubated overnight at 4 °C with primary antibodies. The parafﬁn
sections were autoclaved for 15 min at 105 °C in antigen unmasking solution (Vector
Laboratories) after deparafﬁnization and hydration, and then incubated overnight at 4 °C
with primary antibodies. The following day, the sections were washed in PBS and were
incubated for 1.5 h at room temperaturewith secondary antibodies. These sections were
then counterstained with DAPI (Sigma D-9542) and mounted with Gel/Mount
(Biomeda). For statistical analysis of Cre efﬁciency, gonads were serially sectioned,
placed on single slide and the average percentage of β-gal positive germ cells in 5
sections were determined after immunostaining. For other statistical analysis, samples
of embryos and gonads were serially sectioned, placed on a single slide and the ratio of
either apoptotic or proliferating PGCs was determined after immunostaining. Unpaired,
two-tailed Student's t-tests with equal variances were used to compare counts. Primary
antibodies were used at the following dilutions: 1:200 for 4c9 (Yoshinaga et al., 1991),
1:100 for anti-Oct3/4 (C-10) (Santa Cruz sc-5279),1:8000 for TRA98 (Sakai andMiyazaki,
1997), 1:500 for anti-cleaved Caspase3 (Cell Signaling #9664),1:1000 for anti-phospho-
Histone H3(ser10) (upstate #06-570), 1:3000 for anti-β-galactosidase (ICN/CAPPEL,
#55976) and 1:100 for anti-c-Kit (H2C7) (Yamatani et al., 2004). Secondary antibodies
were used at the following dilutions: 1:200 for Alexa-488 conjugated goat anti-rabbit
IgG, Alexa-488 conjugated donkey anti-mouse IgG. Alexa-594 conjugated goat anti-rat
IgG, Alexa-594 conjugated donkey anti-rabbit IgG (Molecular Probes) and Cy3
conjugated goat anti-Armenian hamster IgG (Jackson ImmunoResearch).
Other histological methods
For X-gal staining and immunostaining with anti-β-galactosidase, the samples
(embryos, embryonic gonads, testes, and ovaries) were ﬁxed in a 4% PFA or a PBS
solution containing 2% PFA, 0.2% glutaraldehyde and 0.02% NP-40. Adult testes and
ovaries were then treated with a 30% sucrose solution and mounted in OCT compound.
Sections (8 μm) of testes, ovaries, whole embryos or embryonic gonads were then
stained for β-gal activity as described previously (Saga et al., 1992). For hematoxylin and
eosin staining, ovaries were ﬁxed in Bouin's solution and embedded in parafﬁn. The
sections (6 μm) were then deparafﬁnized, dehydrated, and stained with Mayer's
Hematoxylin (Wako) followed by staining with Eosin Y (Merck).
Results
Migrating PGCs undergo apoptosis in a Nanos3-null background
In our previous study, we showed that both male and female
Nanos3-null mice have no germ cells as the PGCs are lost in these
embryos during migration (Tsuda et al., 2003). We speculated that
there were two possibilities for this cell loss, apoptotic cell death or
abnormal differentiation into somatic cells. In addition, it was possible
that the proliferation rate of the Nanos3-null PGCs might have been
affected. In our previous study by use of a TUNEL assay, we did not
detect any migrating PGCs that were apoptotic in these same knock-
out animals. However, in our present experiments we were able to
identify apoptotic PGCs (5.8±1.6% of total PGCs) in the E9.0 Nanos3-
null embryos by detection of anti-cleaved Caspase3, which is a more
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marker, 4C9 (Figs. 1 and 3A). These double-positive PGC signals were
observed only in the Nanos3-null background and not in Nanos3+/−
embryos, indicating that Nanos3 is required to prevent PGCs from
undergoing apoptosis during migration.
Bax elimination did not completely rescue the PGC apoptosis and made
only a portion of PGCs survived in Nanos3-null embryos
It has recently been shown that ectopic PGCs that are located
outside of the genital ridges are eliminated by Bax-dependent
apoptotic mechanisms (Runyan et al., 2006). Although migrating
PGCs express BaxmRNA at high levels, the activity of Bax is suppressed
in these cells by the Steel/C-Kit signaling pathway. After E10.75, when
the PGCs colonize the genital ridges, the expression of Steel becomes
restricted to the genital ridges, and any ectopic PGCs located at the
midline will thus undergo Bax-dependent apoptosis. In Steel−/−
embryos, PGCs are lost due to Bax-dependent apoptosis from at least
E9.0, and this phenotype is completely repressed by Bax elimination
(Runyan et al., 2006). The similarity between the Nanos3−/− and Steel−/−
embryo phenotypes led us to speculate that the Bax-dependent
apoptotic pathway is also involved in the loss of Nanos3-null PGCs. To
address this possibility, we generated a Nanos3+/− Bax+/− mouse and
then produced double knockout mice by intercrossing. Initially, we
found that some germ cells survived in the Nanos3−/− Bax−/− genetic
background in both male and female gonads at E12.5, though we
have rarely observed any germ cells in Nanos3−/− Bax+/* (+/* means +/+
and +/−) gonads at this stage (Figs. 2 and 3B). This indicated thatFig. 1. Migrating PGCs in a Nanos3-null background undergo apoptosis. Sections prepared f
anti-4C9 antibodies to detect PGCs (magenta), and with anti-cleaved Caspase3 antibody to as
Although there were no apoptotic PGCs (white arrowheads) evident in the Nanos3+/− embry
observed in the Nanos3−/− embryo. The anti-4c9 antibody reacts not only with PGCs but also w
difference is clearly distinguished by the staining patterns between PGCs (uniform staining a
red arrowheads). HG, hindgut.apoptosis is suppressed by eliminating Bax. We then investigated this
rescue event in more detail by examining the PGC numbers at earlier
stages. At E9.0, the PGC number in the Nanos3−/− Bax−/− embryo (39.7±
5.7) did not differ much from that of its Nanos3−/− Bax+/* counterpart
(28.8±5.4) (P=0.2, Fig. 3A) and this number is much lower than those
of the wild-type and Nanos3+/− embryos (85.9% reduction compared
withwild-type). These data thus suggest that the reduction of Nanos3-
null PGCs prior to E9.0 was due to a Bax-independent mechanism.
However, there was signiﬁcant repression of the apoptotic response
in Nanos3−/−Bax−/− embryos at E9.0 (P=0.053) (Fig. 3C) and the germ
cell number increased at E12.5 in Nanos3−/−Bax−/− embryos (male:
751.3±171.1 (n=6)), female; 241.8±58.9 (n=5)) compared with the
Nanos3−/−Bax+/* embryos (male; 54.3±21.0 (n=8), female; 56.7±33.3
(n=7)) (Fig. 3B). Based on the PGC numbers at E9.0 and E12.5, we
compared apparent proliferation time among Nanos3+/−Bax+/−,
Nanos3−/−Bax+/* and Nanos3−/− Bax−/−, which enabled us to determine
the rescue rate upon eliminating Bax function (see supplementary
Table S1). The estimated rescued rate by the removal of Bax was 55.5%
for male and 29.8% for female. The reason of higher rescue rate for
male germ cells is currently unknown. These data collectively indicate
that the reduction in Nanos3-null PGCs until E12.5 is partly due to a
Bax-dependent apoptotic pathway. In fact, although PGC apoptosis
was found to be well repressed at E9.0, it was still observed in the
Nanos3−/− Bax−/− embryos (Figs. 3C, E), indicating that there could be
some contribution of Bax-independent apoptosis to the reduction in
the PGC population, even after E9.0. We further examined the
proliferation ratio of migrating PGCs in Nanos3−/− embryos as this
process is greatly impaired in the Steel−/− embryo. However, we didrom Nanos3+/− (A–A″) and Nanos3−/− (B–D) embryos at E9.0 were immunostained with
say for apoptosis (green). The blue signals indicate DAPI counterstaining of nuclear DNA.
o, some apoptotic PGCs (yellow arrowheads, higher magniﬁcation in each insets) were
ith the hindgut epithelium (asterisk) as reported previously (Yoshinaga et al., 1991). The
s shown in insets of B″, C and D) and hindgut epithelium (apical surface as shown in D′,
Fig. 2. Small numbers of PGCs survive in the absence of both Nanos3 and Bax. Sections were prepared frommale and female gonads of E12.5 embryos of the indicated backgrounds.
Germ cells were detected by immunostaining with an anti-Oct3/4 antibody. Abundant germ cells were observed in Nanos3+/+ Bax+/+ and Nanos3+/+ Bax−/− embryos. Although no germ
cells could be detected in Nanos3−/− Bax+/+ embryos, a few of these cells were evident in the Nanos3−/− Bax−/− background. The inset shows a higher magniﬁcation image of the region
in which germ cells were detectable.
Fig. 3. Analyses of the Nanos3/Bax double-null PGCs. (A–D) Statistical analyses of the average total PGC numbers (A, B) or average percentage of these cells undergoing apoptosis (C)
and proliferation (D) at E9.0 (A, C), E9.5 (D) and E12.5 (B). PGCs were identiﬁed by either anti-4c9 (A, C) or anti-Oct3/4 (B, D) staining together with either anti-cleaved Caspase3 (C) or
anti-phosphohistone H3 (D) staining. Each genotypes and the sample numbers examined are indicated in the each column (Nos3=Nanos3). †PN0.1, ‡Pb0.053, ‡‡Pb0.01. Error bars
represent means±S.E.M. (E) Detection of apoptotic PGCs by double immunostaining with anti-4C9 antibodies to detect PGCs (magenta), and anti-cleaved Caspase3 antibodies to
detect apoptotic cells (green). The blue signal indicates DAPI staining of nuclear DNA. Apoptotic PGCs (indicated by white arrowheads) were observed in both Nanos3−/− Bax+/− and
Nanos3−/− Bax+/− embryos. HG, hindgut. (F) Detection of proliferating PGCs in sections prepared from Nanos3−/− Bax+/−, Nanos3−/− Bax+/− and Nanos3−/− Bax−+/− embryos at E9.5. The
samples were immunostained with anti-Oct3/4 antibody to detect PGCs (green) and anti-phosphohistone H3 antibody to detect proliferating cells (magenta). The blue signal
indicates DAPI staining of nuclear DNA. Proliferating PGCs (indicated by white arrowheads) were observed in each case.
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3D, F), indicating that differences in the number of surviving PGCs are
due to differing amounts of apoptotic cells. Additionally, the c-Kit
expression levels in Nanos3-null PGCs were found to be equivalent to
wild-type PGCs (Fig. 4). Based upon these ﬁndings, we speculate that
the death of migrating germ cells is controlled by a number of apop-
totic pathways and not just those that are Bax-dependent, and also
that Nanos3 suppresses both Bax-dependent and -independent
apoptotic pathways independently of Steel/c-Kit signaling. However,
it is still possible that a cross-talk exists between these mechanisms.
Lineage analyses of Nanos3-expressing cells
In Drosophila, some Nanos-null PGCs which are prevented from
entering apoptosis have been shown previously to differentiate into
somatic cells (Hayashi et al., 2004). This observation revealed that
Nanos also functions to prevent PGCs fromdifferentiating into somatic
cell lineages. We thus inferred that any resistance to apoptosis in
Nanos3-null PGCs would promote their differentiation into somatic
cells. To examine this possibility, we generated a knockin mouse line,
Nanos3-Cre-pA (Figs. 5A, B), in which the Cre gene is knocked in at
the Nanos3 locus by homologous recombination. The PGC cell lineage
that once expressed Nanos3 can then be monitored by crossing the
Nanos3-Cre-pA male with a ROSA26 reporter mice. β-gal reporter
activity was detected in the resulting embryos at E7.75 dpc (early head
fold stage) by X-gal staining and this signal was continuously observed
during both the PGC migration stage, and in the germ cells after their
entry into the gonad (Figs. 5C–F). However, X-gal staining was positive
in only a portion of the PGCs until they entered the gonads and the
number of marked PGCs was variable from embryo to embryo, even
among littermates. The efﬁciency of Cre recombinationwas estimated
as approximately from 11% to 25% (14.8+5.9%, n=8) at E12.5 embryos
(Fig. 5K). Thereafter, all of the male gonocytes became β-gal positive,
possibly due to the reactivation of Nanos3 expression in the male
gonads, whereas no increase in the number of β-gal positive cells
could be observed in female gonads (Figs. 5G, H, J). Positively stained
cells were continuously observed in the adult testes and ovaries (Figs.
5I–J). These observations conﬁrmed that we could genetically mark
the germ cell lineage using the Nanos3+/Cre mouse, although only a
part of the germ cells are marked in the early embryo and in the
female gonads. In addition, we observed some β-gal positive cells in
the tail bud region at E9.5–10.5 (Fig. 3C inset, arrows), but theseFig. 4. The expression of c-Kit is unaffected in Nanos3-null PGCs. Sections were prepared fro
with anti-Oct3/4 (green) and anti-cKit (magenta). c-Kit expression was observed in both wisignals had disappeared by E18.5 (data not shown). These cells might
therefore be derived fromPGC cells that had strayed from their normal
migratory route because they were Oct3/4 positive and had dis-
appeared in the late stage embryos. Occasionally abundant X-gal
positive cells in both the heterozygous and homozygous backgrounds
were observed (Figs. S1A–E). We speculate that the presence of these
cells is due to the sporadic expression of Nanos3 in very early stage
embryos, such as 8 cell embryos or blastocysts, since X-gal positive
cells were found to be abundant in both embryonic and extraem-
bryonic regions even at E7.5, which is prior to the emergence of the
PGCs. We excluded such embryos (about 12% of the total samples)
from subsequent analyses (Figs. S1F–G).
The Nanos3-null PGCs do not undergo somatic cell fate irrespective of the
presence or absence of Bax
To examine whether some of the Nanos3-null PGCs differentiate
into somatic cells, we analyzed the lineage of the Nanos3-Cre-pA
expressing cells in the absence of Nanos3 by crossing Nanos3+/Cre mice
with Nanos3+/− mice harboring ROSA26 reporter alleles. If Nanos3-null
germ cells indeed differentiate and aremaintained as somatic cells, we
would then have been able to observe numerous X-gal stained
somatic cells instead of germ cells. However, our results show that no
X-gal stained somatic cells are evident (Figs. 6A–C, n=41 before E12.5)
(data not shown, n=24 after E13.5 embryos). We further investigated
the lineages of the Nanos3/Bax double-null cells using the Nanos3-
Cre-pA embryos and the X-gal reporter system to determine whether
the PGCs had differentiated and were maintained as somatic cells,
since the differentiation to the gut cells was reported in Drosophila
embryos when apoptosis of Nanos-null PGCs was suppressed.
However, as long as we examined so far (from E9.5 to E13.5, n=7),
we observed no X-gal staining in endodermal lineages such as
stomach, gut and dorsal body wall (Figs. 6D–G), suggesting that most
PGCs in the Nanos3−/− Bax−/− mice die via Bax-independent apoptosis.
However, we can not exclude the possibility that some PGCs that are
not marked by Cre recombinase might differentiate into somatic cells
because of lower efﬁciency of Cre recombinase.
Spermatogenesis in the absence of Nanos3 and Bax
We noted that a few PGCs were rescued by the knockout of Bax,
and had entered the gonad and were maintained as germ cells in them E9.5 embryos of the indicated backgrounds. PGCs were detected by immunostaining
ld-type and Nanos3-null PGCs.
Fig. 5. Targeting strategies for the generation of Nanos3-Cre-pAmice and lineage analyses of Nanos3-expressing cells. (A) Schematic representation of the targeting strategies used to
generate the Nanos3-Cre-pA mice. The wild-type allele, targeting vector, and the targeted alleles with and without PGK-neo are shown. The coding region is denoted by the orange
boxes and the UTR is indicated by open boxes. The Cre recombinase coding sequence containing an SV40-poly-A signal was inserted into exon1 of the endogenous Nanos3 gene. The
PGK-neo cassette of the Nanos3-Cre-pAmicewas removed by crossing with CAG-FLPmice. (B) Southern blot analysis of genomic DNA from parental TT2 ES cells (+/+) and recombinant
ES clones (+/Cre) using the intron probe indicated in (A) (blue lines). Genomic DNA extracts were digested with BamHI (B). The wild-type allele and targeted alleles generated
fragments of 6.0 and 7.7 kb (B) in size, respectively. Asterisks indicate polymorphic fragments derived from CBA alleles. Ba, BamHI. (C–J) The β-gal activity levels were examined in
embryos (C–F) or gonads (G–K) prepared from Nanos3+/cre crossed with the ROSA26 reporter. The reporter activity for the Nanos3+/cre mouse is mostly restricted to the germ cell
lineages. The black arrows in panel E indicate β-gal positive cells ectopically located in the tail bud. β-gal activity can be observed in all male germ cells (I) and a portion of the female
germ cells (J). Red arrowheads in (J) indicate oocytes without β-gal activity. (K) The efﬁciency of Cre recombinationwas examined by the double immunostaining of E12.5 gonad with
TRA98 (red, in nucleus) to detect germ cells and anti-β-galactosidase antibody (green, in cytoplasm). The staining pattern of representative example is shown (a male gonad).
Arrowheads indicate merged cells.
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Bax−/− PGCs, we examined germ cell development after birth in these
mice (Fig. 7). In P10males, only a few germ cells were detectable in the
double-null testes (Fig. 7C). However, after 3 weeks, this number was
signiﬁcantly increased (Fig. 7G). At 6 weeks, the testes of the Nanos3−/−Bax−/− mice show an intermediate size (data not shown) and their
histological appearance is similar to that of the Bax-null testis. The
spermatogenesis phenotypes in the mouse can be clearly documented
by staining with TRA98, a well-established marker of gonocytes and
adult spermatogonia (Koshimizu et al., 1995). In the wild-type adult
Fig. 6. The Nanos3-null PGCs do not undergo somatic cell fate irrespective of the presence or absence of Bax. (A–C) β-gal activities were examined in embryos of Nanos3−/cre harboring
the ROSA26 reporter. The number of X-gal positive cells is gradually reduced during the PGC migration stage E9.5 (A–C), and becomes almost zero by E11.5. The insets are magniﬁed
images of the posterior view (A), the trunk of the embryos (B) or the genital ridges (C), after removal of the body wall. The embryonic stages and postnatal days are indicated in the
panels. A, anterior; P, posterior. (D–G) Lineage analysis of Nanos3-expressing cells in the Bax-null background. The β-gal activity of the ROSA26 reporter was examined for each
genotype in E13.5 female embryos. Although β-gal positive cells are almost completely lost in theNanos3−/Cre Bax+/+ background (E), some β-gal positive cells remain in theNanos3−/Cre
Bax−/− (F) embryo (black arrowheads). Almost no ectopic cells could be observed in either the hindgut or midline. The dashed lines indicate the location of the gonads.
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of the tubules (Fig. 7I). In both the Bax-null and Nanos3/Bax double-
null testes, however, the TRA98-positive cells proliferate abnormally,
and can be observed in central regions that are not limited to the
periphery (Figs. 7K and L), thus indicating that spermatogenesis isFig. 7. Spermatogenesis occurs in the absence of Nanos3 and Bax. Testis samples were prepa
Nanos3+/+ Bax−/− (D, H, L) mice at 10 days (P10, A–D), 3 weeks (3w, E–H) and 6 weeks (6w, I
observed in Nanos3+/+ Bax+/+ (A, E, I) and Nanos3+/+Bax−/− gonads (D, H, L). Although no germ
the Nanos3−/− Bax−/− (C) gonads (black arrowhead), and this number increases at later stage
positive male germ cells. Scale bar, 100 μm.disrupted. In fact, no mature sperm are evident in these knockout
mice. This phenotype was further characterized by staining with
Dmc1 and Scp3, both of which are meiotic markers. Dmc1, a DNA
repair protein speciﬁcally involved in meiotic recombination, is tran-
siently expressed in leptotene-to-zygotene spermatocytes (Yoshidared from Nanos3+/+ Bax+/+ (A, E, I), Nanos3−/− Bax+/+ (B, F, J), Nanos3−/− Bax−/− (C, G, K) and
–L) after birth. Each section was then stained with TRA98. Abundant germ cells can be
cells are evident in Nanos3−/− Bax+/+ embryos (B, F, J), a few germ cells can be detected in
s (G, K). The inset in (C) shows a higher magniﬁcation of the region containing TRA98
140 H. Suzuki et al. / Developmental Biology 318 (2008) 133–142et al., 1998) and was found to be abnormally expressed in many germ
cells in both Bax-null and double-null testes (Fig. S2A). Similarly, Scp3,
a member of the synaptonemal complex and which is expressed from
leptotene spermatocytes (Scherthan et al., 1996), was also found to be
highly expressed in many germ cells although some of these cells fail
to form normal axial cores in either the Bax-null or double-null testes
(Fig. S2B). These observations indicate that there were excess
spermatocytes in theNanos3−/− Bax−/− embryos, similar to the situation
in Nanos3+/* Bax−/−. Hence, these data support the idea that male germ
cells proliferate and enter meiosis in the absence of Nanos3 in the
mouse, but cannot subsequently complete meiosis in the absence of
Bax.
Oogenesis in the absence of Nanos3 and Bax
We next examined the development of ovaries in the Nanos3 and
Bax null backgrounds (Fig. 8). As reported previously, an increased
number of oogonia could be observed in the Bax-null ovary, which
likely reﬂects the suppression of apoptosis that normally occurs
around P4 and P5 (Perez et al., 1999). However, the size of the ovaries
was found to be similar between the Nanos3-null and Nanos3/Bax
double-null mice, even at adulthood (data not shown). In spite of this,
there were few detectable oocytes in the Nanos3/Bax double-null
ovaries at P10 (Fig. 8C), and none were evident in the Nanos3-null
ovaries (Fig. 8B). At 6 weeks after birth, we could detect morpholo-
gically normal maturing oocytes in the double-null ovary, although
their number was very low and no primary oocyte could be observed
(Fig. 8K). It has previously been shown in the Drosophila ovary that
surviving Nanos-null oocytes show a remarkable reduction in Vasa
expression (Hayashi et al., 2004). Nevertheless in our current study in
the mouse, Nanos3-null oocytes were found to express MVH at wild-
type levels (Fig. S3A). We found that the Bax-null female mouse isFig. 8. Oogenesis takes place in the absence of Nanos3 and Bax. Ovary samples were prepar
Nanos3+/+ Bax−/− (D, H, L) mice at 10 days (P10, A–D), 3 weeks (3w, E–H) and 6 weeks (6w, I–L
cells can be observed in Nanos3+/+ Bax+/+ (A, E, I) and Nanos3+/+ Bax−/− (D, H, L) gonads. No ge
detected in the Nanos3−/−Bax−/− (C, G, K) gonads (black arrowheads and Insets). The insets sfertile, consistent with previous reports (Knudson et al., 1995; Perez et
al., 1999). In addition, although we could not obtain pregnant double-
null females due to the reduced number of oocytes, we occasionally
observed a corpus luteum, which may indicate ovulation (Fig. S3B).
Hence, oogenesis has proceeded normally in the Nanos3/Bax-null
female, which is never observed in the Nanos3-single knockout
mouse. This suggests that Nanos3 may not be essential for female
germ cell development or for the events that follow oogenesis.
Discussion
As we reported earlier, PGCs are formed in Nanos3−/− embryos, at
the correct time and location, and also express the PGC markers 4C9,
Oct3/4, stella/PGC7, and SSEA1 (Figs. 1 and 4; data not shown). This
indicates that Nanos3 is not required for the generation of the PGCs
themselves. Our current study demonstrates that Nanos3 is essential
in the early stage mouse embryo to protect the migrating PGCs from
apoptosis. In addition, we show that once PGCs enter the gonads in the
absence of Bax, they can survive and be maintained as germ cells in
both the testes and ovaries, even in the absence of Nanos3. Although
male germ cells showed meiotic abnormalities in the Nanos3−/− Bax−/−
embryos, probably due to the lack of Bax, female germ cells appeared
to differentiate quite normally as judged by their morphology and
expression of marker genes. These data lead us to speculate that
Nanos3 is not required for germ cell differentiation itself.
The functional similarities and differences between mouse Nanos3 and
Drosophila Nanos
In Drosophila, most Nanos-null PGCs are cleared by apoptosis at
the migrating stage, and when apoptosis is blocked in this organism, a
portion of these cells differentiate to somatic cells such as endodermaled from Nanos3+/+ Bax+/+ (A, E, I), Nanos3−/− Bax+/+ (B, F, J), Nanos3−/− Bax−/− (C, G, K) and
) after birth. Each sectionwas then stained with hematoxylin and eosin. Abundant germ
rm cells are evident in the Nanos3−/− Bax+/+ (B, F, J) samples, but a few germ cells can be
how higher magniﬁcation images of the region containing oocytes. Scale bars, 100 μm.
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cannot proceed with normal gametogenesis even after entry into the
gonad, and are lost at a later stage. These data indicate that Drosophila
Nanos is not only required for the suppression of apoptosis, but is also
essential for gametogenesis (Hayashi et al., 2004). In themouse, and in
contrast to the situation in Drosophila, Nanos3-null PGCs do not
differentiate into somatic cells, even when apoptosis is blocked by
eliminating the Bax gene, but differentiate as germ cells in the gonads.
However, Bax elimination is insufﬁcient to suppress apoptosis in the
PGCs, andmost Nanos3-null PGCs do undergo programmed cell death.
Additionally, in our lineage analysis using Nanos3-Cre-pa mice, we
were unable to chase all of the PGCs in the early embryos due to the
partial expression of Cre. Hence, it is unclear whether the Nanos3-null
PGCs that were unmarked by β-gal were lost via apoptosis or did in
fact differentiate into somatic cells, with or without Bax. Although
male Nanos3−/− Bax−/− mice are sterile, probably due to the loss of the
Bax gene, morphologically normal oocytes are evident in the ovaries of
the females. These ﬁndings thus suggest that Nanos3 might not be
required for gametogenesis in the mouse gonads, which contrasts
with the function of Drosophila Nanos. However, mice harbor an
additional Nanos homologue, Nanos2, the expression of which
commences at around E13.5 in the male gonocytes and continues in
the postnatal germ cells. Hence, this might compensate for the loss of
Nanos3 function in the Nanos3-null male.
However, this cannot be the case in female germ cells as Nanos2 is
not expressed in female gonocytes (Suzuki et al., 2007).
PGC death is controlled by the plural apoptotic pathways
Only a portion of the Nanos3−/− Bax−/− PGCs survived and diffe-
rentiated as male or female germ cells, whereas others had clearly
undergone apoptosis. The reasons why only a portion of the PGC
population survived in this genetic background are unclear at present,
but may be due to the heterogeneity of the PGCs in terms of their
sensitivity to apoptotic signals. By knocking-out Bax and Nanos3
together, this sensitivity to apoptosis may become reduced in some
cells compared with the single knockout Nanos3-null PGCs. In addi-
tion, the survival period may also be extended in the double-null
embryos, thus enabling a greater number of PGCs to reach the gonads.
Finally as some surviving PGCs were maintained in Nanos3−/− Bax−/−
gonads, this suggests that Nanos3 is not required once these cells
colonize the genital ridge. However, the few PGCs that occasionally do
reach the genital ridge in the Nanos3-single null embryos eventually
die and never develop as germ cells. This supports the idea that Bax
also functions in the gonad (Kasai et al., 2003; Rucker et al., 2000). Once
germ cells reached the gonads, they are exposed to several massive
apoptotic waves. These occur in male germ cells at E13.5 to E17.0, at
around birth, and during spermatogenesis after P7, and in female germ
cells at E13.5, E15.5 to birth, and after birth (Bakken and McClanahan,
1978; Beaumont and Mandl, 1963; Borum, 1961; Wang et al., 1998).
Some of these apoptotic events are repressed by Bax elimination but
others are not, particularly after E14.5 (Alton and Taketo, 2007; Stallock
et al., 2003). Therefore, we speculate that surviving Nanos3-null germ
cells in the absence of Bax die as a result of Bax-independent apoptosis,
althoughwe cannot exclude an involvement of other pathways such as
necrosis. Previous studies implied that there was the stage or sex-
dependent switch between Bax-dependent and -independent apop-
totic pathways during germ cell development (Fig. S4B), however, our
current study suggested that therewas signiﬁcant contribution of Bax-
independent pathway during germ cell development in either stage or
sex (Figs. 3C, E and S4A, B). Similar to our study, involving multiple
death mechanisms in the germ cell development is also indicated in
Caenorhabditis elegans (Subramaniam and Seydoux, 1999) and Droso-
phila (Hanyu-Nakamura et al., 2004). In migrating PGCs, a strong
candidate as amediator of the Bax-independent pathway is Bakwhich
also belongs to the proapoptotic Bcl-2 family and is similar to Bax interms of its structure and function. The Bak single knockout mouse
showsno phenotype but the Bax−/−/Bak−/− doublemouse shows amore
severe phenotype than the Bax single knockout. Thus, Bax and Bak are
likely to have overlapping roles in the regulation of apoptosis (Lindsten
et al., 2000). Runyan et al. (2006) reported previously that BakmRNA is
highly expressed in migrating PGCs in a similar manner to Bax and
additionally indicated the involvement of other Bcl2 family proteins
Bid and Bim. The identiﬁcation of direct targets of Nanos3 and
elucidation of the molecular mechanisms involving Nanos3 that
prevent apoptosis are essential future work.
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